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The effect of the molecular weight of poly[9,9-didecaneﬂuorene-alt-(bis-thienylene) ben-
zothiadiazole] (PF10TBT) on the photovoltaic performance of fullerene-based bulk hetero-
junction solar cells is investigated. An increase in molecular weight of two orders of
magnitude results in a 30% increase of the short-circuit current and a rise of the ﬁll factor
from 0.45 to 0.63. Electron and hole transport are found to be virtually unaffected by
changing molecular weight, which means that space-charge effects do not play a role in
low molecular weight devices. Using optical modeling and numerical device simulations,
we demonstrate that at low molecular weight the efﬁciency is mainly limited by a short
lifetime of bound electron–hole pairs. This short lifetime prohibits efﬁcient dissociation
and is attributed to a deﬁciency in phase separation for low molecular weights.
 2009 Elsevier B.V. All rights reserved.1. Introduction
The ﬁeld of polymer photovoltaics has made tremen-
dous progress in terms of performance since the introduc-
tion of the bulk heterojunction concept [1]. This approach
employs nanometer-scale intermixing of electron donating
and accepting materials to enhance their interfacial area,
thereby facilitating ultrafast electron transfer from the
photoexcited polymer to an acceptor molecule. If there is
sufﬁcient phase separation, charge transfer can be fol-. All rights reserved.
t@gmail.com (D.J.D.lowed by efﬁcient dissociation of resulting bound elec-
tron–hole pairs and subsequent transport of free charge
carriers to the electrodes. Systems of conjugated polymers
as donor (D) and soluble C60 derivatives as acceptor (A)
currently bear the largest potential for energy conversion
with state-of-the-art conﬁrmed efﬁciencies approaching
6% [2].
Polyﬂuorene copolymers have shown to be suitable
candidates for efﬁcient solar cells [3–5]. A promising
power conversion efﬁciency of 4.2% has been reported for
a system of poly[9,9-didecaneﬂuorene-alt-(bis-thienylene)
benzothiadiazole] (PF10TBT) and [6,6]-phenyl C61-butyric
acid methyl ester (PCBM) [6]. By virtue of the polymer’s
highest occupied molecular orbital (HOMO) energy level
at 5.4 eV, PF10TBT:PCBM solar cells deliver outstanding
1276 D.J.D. Moet et al. / Organic Electronics 10 (2009) 1275–1281open-circuit voltages of around 1 V. Moreover, in contrast
to many other conjugated polymers, the lowest unoccu-
pied molecular orbital (LUMO) energy level at 3.4 eV is
close in energy to that of PCBM. Therefore, less voltage is
lost during electron transfer at the D–A interface [7]. How-
ever, the photovoltaic performance of PF10TBT cells is
strongly dependent on the molecular weight (MW) of the
polymer [8]. Low MW devices show signiﬁcantly lower
short-circuit currents and ﬁll factors, resulting in a reduc-
tion of the maximum output power by a factor of 2 com-
pared to the best high MW devices.
For the further design of new donor polymers under-
standing of the dependence of solar cell performance on
their chemical and structural properties is crucial. Low ﬁll
factors are commonly attributed to unbalanced charge car-
rier transport in the polymer and fullerene phase [9].
Molecular weight dependent hole mobilities have been ob-
served in regioregular poly(3-hexylthiophene) (P3HT),
using ﬁeld-effect transistor measurements [10–12],
space-charge limited currents [13] and the time-of-ﬂight
technique [14]. Most studies revealed an increase of the
hole mobility with increasing molecular weight. Suggested
causes include differences in chain packing, interconnec-
tivity of the polymer network, backbone conformation
and interchain hopping. It has been pointed out by Good-
man and Rose that in a solar cell with a signiﬁcant differ-
ence in the hole- and electron mean free path,
accumulation of the slowest charge carriers will lead to a
nonuniform electric ﬁeld in the device [15]. When the
slowest carrier has a very low mobility the photocurrent
can even reach a maximum electrostatically allowed limit
at high light intensity [9]. This space-charge limited (SCL)
photocurrent has a three quarter power dependence on
light intensity and a square root dependence on voltage,
which limits the ﬁll factor to 0.42.
A different cause of a low ﬁll factor was recently identi-
ﬁed in solar cells from a narrow band gap polymer and
PCBM [16]. The low ﬁll factor again results from a square
root dependence of the photocurrent on voltage, albeit for
entirely different physical reasons than in the space-charge
limited case. Here, the photocurrent is limited by a small
product of mobility and lifetime of free charge carriers
due to recombination or trapping and is described by [15]:
Jph ¼ qGðlhðeÞshðeÞÞ1=2V1=2 ð1Þ
where G is the generation rate of free charge carriers and
lh(e) and sh(e) are the mobility and lifetime of free holes
(electrons), respectively. Experimentally, this recombina-
tion limited photocurrent can be discriminated from the
SCL case since it depends linearly on light intensity. Fur-
thermore, the saturation voltage Vsat, at which the photo-
current loses its half power dependence on voltage, is
independent of light intensity for the recombination lim-
ited case, whereas for the SCL photocurrent it scales with
the square root of light intensity. In this study we investi-
gate the origin of the low ﬁll factor and photocurrent in
low molecular weight PF10TBT:PCBM solar cells. A half
power dependence of the photocurrent on voltage is ob-
served and its origin is revealed by a combination of optical
and electrical measurements and device simulations.2. Experimental
PF10TBT was synthesized at the Netherlands Organisa-
tion for Applied Scientiﬁc Research (TNO) and used as re-
ceived. In this study two batches were used, which will
be identiﬁed by their weight average molecular weight
(Mw) in the remainder of this paper. The low MW polymer
had Mw  5.1  103 g/mol and polydispersity index
PDI  1.7, the high MW batch had Mw  1.9  105 g/mol
and PDI  3.5. The electron acceptor, PCBM, was obtained
from Solenne. Polymer and fullerene were mixed in a 1:4
weight ratio and dissolved in chlorobenzene. Since the sol-
ubility of high MW PF10TBT in chlorobenzene at room
temperature is low, solutions were stirred and processed
at 90 C. ITO-patterned glass substrates were cleaned, trea-
ted in a UV-ozone reactor and coated with a 40–60 nm thin
hole-transporting buffer layer of PEDOT:PSS (H.C. Starck
GmbH). The photoactive layer was spin coated in air with
typically 80–100 nm thickness. Solar cells were ﬁnalized
with evaporation of a 1 nm LiF/100 nm Al cathode to en-
sure an ohmic electron contact with the PCBM phase. To
study hole transport properties of the blend, an electron-
blocking 20 nm Pd/80 nm Au top contact was applied in-
stead of the LiF/Al cathode.
Current–voltage characteristics were recorded using a
Keithley 2400 SourceMeter. Measurements were per-
formed in the dark and under illumination from an uncal-
ibrated Steuernagel SolarConstant 1200 metal halide lamp
with an estimated intensity equivalent to ca. 1.3 suns, as
determined by comparison of measured and calculated
short-circuit current densities (see below).
Spectral responsivity (SR) measurements were carried
out with a lock-in ampliﬁer, a transimpedance ampliﬁer
and a focused, chopped monochromatic beam from a
quartz tungsten halogen lamp and several narrow band
pass ﬁlters. An estimation of the short-circuit current den-
sity (Jsc) under standard test conditions was calculated by
convolving the SR spectrum with the AM1.5G reference
spectrum, using the veriﬁed premise of a linear depen-
dence of Jsc on light intensity. The estimated illumination
intensity for the material under study was taken as the ra-
tio of the measured and calculated Jsc.
The refractive index n and extinction coefﬁcient k of
thin ﬁlms of PF10TBT:PCBM were determined with vari-
able-angle spectroscopic ellipsometry (VASE), using a VASE
ellipsometer from J.A. Woollam Co., Inc. The VASE mea-
surements were combined with transmission and reﬂec-
tion measurements to enable accurate ﬁts of the
experimental ellipsometric data in the employed wave-
length range from 300 to 1500 nm. The optical constants
of glass, ITO, quartz, silicon and PEDOT:PSS were deter-
mined ﬁrst. For ITO and PEDOT:PSS, anisotropic optical
constants were found. Since illumination during current–
voltage measurements takes place at normal incidence,
the components in the direction perpendicular to the plane
of the substrate were used in the transfer-matrix calcula-
tions. The optical properties of LiF and aluminum were ta-
ken from literature. Next, the n and k of composite layers of
PF10TBT and PCBM on various substrates were determined
by ﬁtting the data with several Gaussian oscillators. No
Fig. 2. Index of refraction n and extinction coefﬁcient k of PF10TBT:PCBM
layers on glass. The heterojunction from the low MW polymer (solid line)
shows reduced absorption compared to the one containing high MW
PF10TBT (dotted line). (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)
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and the data were interpreted with a uniform dielectric
function throughout the layer.
3. Results and discussion
Fig. 1 shows the photovoltaic performance of equally
thick PF10TBT:PCBM solar cells that were made using
low (squares) and high (circles) molecular weight PF10TBT.
The differences in ﬁll factor and short-circuit current den-
sity are striking. Although both cells are 95 nm thick, the
high MW cell produces a 30% higher Jsc compared to its
low MW counterpart. The ﬁll factor increases signiﬁcantly
with molecular weight as well: it improves from 0.45 to
0.63. In the remainder of this article, we will systematically
address the importance of the various effects of a change in
molecular weight on device performance.
First, considering the marked difference in Jsc, one might
anticipate a change in absorption due to variations in, for
example, interchain interactions [12,17]. Usually low MW
polymers exhibit a blue-shift in solid-state absorption. In
a photovoltaic cell this may alter the number of photogen-
erated excitons and therefore the magnitude of the photo-
current, depending on the overlap of the absorption proﬁle
with the irradiance spectrum. When the absorption maxi-
mum changes in magnitude as well, the effect of changing
MW on Jsc may be intensiﬁed. Fig. 2 shows the refractive
index n and extinction coefﬁcient k of composite layers
of PF10TBT and PCBM, as determined with variable-angle
spectroscopic ellipsometry. In the region where PF10TBT
contributes most to the absorption of the blend layer, i.e.,
between 450 and 650 nm, the extinction coefﬁcient of
the low MW sample (black solid line) is indeed blue-
shifted. In addition, the magnitude of k in this region is
much lower. Due to optical interference effects, which play
an important role in thin ﬁlms capped with a highly reﬂec-
tive aluminum cathode [18], it is expected that the extent
to which a change in optical constants inﬂuences the
absorption in the active layer varies with the thickness ofFig. 1. Current density under illumination (JL) versus voltage character-
istics of PF10TBT:PCBM solar cells made from low (squares) and high
(circles) molecular weight PF10TBT. Both active layers were approxi-
mately 95 nm thick. The inset shows the chemical structure of PF10TBT.the layer. The consequences of reduced absorption in low
MW solar cells can be quantiﬁed by modeling of the optical
electric ﬁeld inside the device [18–20]. Using the transfer-
matrix approach described by Pettersson et al. in Ref. [18],
provided with the optical constants of Fig. 2 and the
AM1.5G solar irradiance spectrum, we calculated the
amount of photons that are absorbed each second in the
bulk of the active layer as a function of position in the de-
vice, for both MW cases. The results are shown in Fig. 3.
The active layer in the low MW device clearly absorbs less
photons due to its lower extinction coefﬁcient, yet the dif-
ference between the proﬁles is not as large as one might
expect from consideration of the optical constants. Integra-
tion of the photon absorption rates over the position gives
total photon absorption rates of 4.8  1020 m2 s1 and
5.1  1020 m2 s1 for low and high MW, respectively.
Since these cells show a linear dependence of Jsc on light
intensity, the observed difference of 30% in short-circuit
current density cannot be explained by this increase ofFig. 3. Photon absorption proﬁles calculated for the devices of Fig. 1,
using the optical constants presented in Fig. 2. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
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ence on the ﬁll factor would be expected. We therefore
conclude that optics only account for a minor part of the
variation in photovoltaic performance.
Other than optical effects, a change of molecular weight
might cause electronic differences. As stated in the intro-
duction, space-charge effects can limit the ﬁll factor of an
organic solar cell to 0.42. Such a limitation can only occur
if charge transport in the solar cell is strongly unbalanced.
A signiﬁcant effect of polymer molecular weight on the
electron mobility in the PCBM phase is highly unlikely,
since the acceptor constitutes the largest part (80 wt.%)
of the active layer. The electron mobility le can be probed
by consideration of the current through the solar cells in
the dark. In fullerene-based solar cells, the dark current un-
der forward bias is usually dominated by electrons due to
their high mobility in the PCBM phase. As shown in
Fig. 4, the dark current of the PF10TBT:PCBM solar cells un-
der study is well described by the single carrier space-







with L the layer thickness, le = 8  108 m2/Vs for low MW
PF10TBT and le = 1  107 m2/Vs for the high MW case.
The applied voltage was corrected for the built-in voltage
(Vbi) and resistive losses in the ITO/PEDOT anode (VRs).
The relative dielectric constant er was taken as the spatial
average of PF10TBT and PCBM. As expected, the electron
mobility is hardly affected by the molecular weight of
the polymer and its value is close to what has been found
previously for PCBM in fullerene-based solar cells [22–24].
Limitations to the photocurrent, if any, should therefore be
caused by a low hole mobility in the low MW polymer. To
elucidate the inﬂuence of molecular weight on hole trans-
port in PF10TBT based solar cells, we prepared hole-onlyFig. 4. Determination of the electron mobility from the dark current of
PF10TBT:PCBM solar cells (symbols) using the single carrier SCLC (solid
lines). The ﬁts reveal an electron mobility in PCBM of le = 8  108 m2/Vs
for low MW PF10TBT and le = 1  107 m2/Vs for the high MW case. The
applied voltage was corrected for the built-in voltage (Vbi) and the voltage
loss over the ITO/PEDOT anode (VRs). (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)diodes from PF10TBT:PCBM bulk heterojunctions in a 1:4
weight ratio. The current density versus effective voltage
characteristics presented in Fig. 5 were measured at room
temperature for two such devices using low MW (squares)
and high MW (circles) PF10TBT. The single carrier space-
charge limited currents were modeled using exactly the
same low-ﬁeld hole mobility of 6  109 m2/Vs (solid
lines). Hence, no effect of molecular weight on the mobility
in the PF10TBT phase was found. Measurements on pris-
tine polymer layers revealed similar mobility values in
both MW cases, showing that the hole transport in the
PF10TBT:PCBM blend is also not affected by PCBM loading.
This behavior contrasts to the case of MDMO-PPV:PCBM
heterojunctions [23,25] and to what has been reported
for a similar polyﬂuorene copolymer [26]. From tempera-
ture-dependent measurements, the thermal activation en-
ergy of hole transport in the blend was found to be 0.33 eV
in both cases. This exactly equals the theoretically pre-
dicted value, obtained from the relation between the uni-
versal mobility prefactor l0 = 3  103 m2/Vs and the
above-mentioned low-ﬁeld mobility at room temperature
[27]. Since the hole mobility in the blend is constant with
molecular weight, and differs only an order of magnitude
with the electron mobility in PCBM, a space-charge limita-
tion of the photocurrent in these relatively thin solar cells
is highly unlikely [28].
Fig. 6 presents a comparison of the photocurrent of two
cells based on low (squares) and high (circles) molecular
weight PF10TBT, plotted versus effective voltage. Here,
the experimental photocurrent is deﬁned as the difference
between the current density under illumination JL and in
the dark JD, thus Jph = JLJD. Since the photocurrent is zero
at V = V0, the horizontal axis represents the effective volt-
age available for charge extraction from the device. In both
cases the photocurrent nicely saturates at high effective
voltage, indicating that at sufﬁciently large reverse bias
all photogenerated bound pairs are dissociated andFig. 5. Current–voltage data of hole-only diodes of bulk heterojunctions
containing low (squares) and high (circles) MW PF10TBT. The solid lines
represent numerical simulations, both using a low-ﬁeld hole mobility of
lh = 6  109 m2/Vs. The applied voltage was corrected for the built-in
voltage (Vbi) and the voltage loss over the ITO/PEDOT anode (VRs). (For
interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)
Fig. 6. Experimental photocurrents in solar cells from low (squares) and
high (circles) molecular weight PF10TBT. The lines denote calculations of
Jph = qGL, using a ﬁeld and temperature-dependent generation rate
G(T,E) = GmaxP(T,E) as given by Braun’s model of dissociation of charge
transfer states [30]. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
D.J.D. Moet et al. / Organic Electronics 10 (2009) 1275–1281 1279extracted from the device. The occurrence of saturation
was veriﬁed with temperature-dependent measurements
(not shown). At lower voltages, however, the photocurrent
of the low MW cell clearly depends stronger on the electric
ﬁeld as compared to the high MW cell. In this voltage re-
gime, a square root dependence is observed. This is indi-
cated by the tilted dotted lines with slope ½ in Fig. 7,
which shows intensity dependence measurements of the
photocurrent in the low MW solar cell. The experimental
photocurrent depends linearly on light intensity and the
saturation voltage Vsat is intensity independent. This com-
bination of voltage and intensity dependence of the photo-
current is a clear ﬁngerprint of a recombination limited
photocurrent.Fig. 7. Intensity dependent photocurrent of the same low MW device as
shown in Fig. 6. The tilted dotted lines denote slope ½, indicating
Jph / V0.5, whereas the horizontal dotted lines mark the saturated
photocurrent at each intensity. The solid lines represent numerical device
simulations. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)Application of Eq. (1) in the square root regime reveals a
free carrier lifetime of approximately 0.5 ls. However, as
was mentioned before, illumination of organic solar cells
does not directly result in free charge carriers: instead,
after charge transfer a bound electron–hole pair is created.
Due to the high Coulomb binding energy in organic solar
cells, only a certain fraction of all photogenerated bound
electron–hole pairs Gmax is dissociated into free charge car-
riers, depending on ﬁeld and temperature, and therefore
contributes to the photocurrent Jph = qGL. Consequently,
the generation rate G of free charge carriers can be de-
scribed by:
GðT; EÞ ¼ GmaxPðT; EÞ ð3Þ
where P(T,E) is the probability for charge separation at the
donor/acceptor interface. The photogeneration of free
charge carriers in low-mobility materials can be explained
by the geminate recombination theory of Onsager [29]. An
important addition to the theory has been made by Braun
[30], who stressed the importance of the fact that the
bound electron–hole pair (or charge transfer state) has a ﬁ-
nite lifetime. In Braun’s model, the probability that a bound
polaron pair dissociates into free charge carries at a given
electric ﬁeld E and temperature T is given by:
PðT; EÞ ¼ kdissðEÞ
kdissðEÞ þ kf ð4Þ
with kf the rate constant with which the bound electron–
hole pair decays to its ground state, and kdiss(E) the rate
constant for separation into free carriers, which is given
by [30]:
kdissðEÞ ¼ 3kR4pa3 e
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with a the initial separation distance of the bound elec-
tron–hole pair at the interface, b = e3E/8pe0erkB2T2, and EB
the binding energy of the electron–hole pair.
Once separated, the charge carriers can again form a
bound pair with rate constant kR. The dissociation model
uses Onsager theory for ﬁeld-dependent dissociation rate
constants for weak electrolytes [29] for kdiss(E), Langevin
recombination of free electrons and holes [31] and a
Gaussian distribution of donor–acceptor distances. Then,
the generation rate of free electrons and holes depends
on the charge carrier mobilities le and lh of the electrons
and holes respectively, the relative dielectric constant er,
the initial separation of e–h pairs a, and the ground state
recombination rate kf.
As expressed in Eq. (4), the relative magnitudes of dis-
sociation and decay rates determine a ﬁeld and tempera-
ture-dependent dissociation probability of bound pairs
P(T,E). Consequently, when the photocurrent of an organic
solar cell is interpreted using Eq. (1), the obtained lifetime
is in fact an effective lifetime, equal to P(T,E)s, where s is
now the true lifetime of free charge carriers [16]. Using de-
vice modeling, we can determine whether a low effective
lifetime originates from short lifetimes of bound pairs
(low P) or free carriers (low s).
We continue the investigation of the molecular weight
dependent photocurrents in Fig. 6 by modeling the ﬁeld-
Fig. 8. Experimental (symbols) and simulated (lines) current–voltage
characteristics of the solar cells of Fig. 1 under illumination. The lines
show numerical ﬁts that only differ in the used values of Gmax
(representing enhanced absorption in high MW PF10TBT) and kf
(obtained from Fig. 6). (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)
Table 1
Parameters used to ﬁt the current–voltage characteristics presented in
Fig. 8.
Parameter Symbol Value
Low MW High MW
Band gap Egap 1.47 eV 1.38 eV
Electron mobility le 8  108 m2/Vs 1  107 m2/Vs
Hole mobility lh 6  109 m2/Vs 6  109 m2/Vs
Eff. density of states Nc 2.5  1025 m3 2.5  1025 m3






a 2.2 nm 2.2 nm
e/h Pair decay rate kf 2.1  106 s1 2.3  105 s1
1280 D.J.D. Moet et al. / Organic Electronics 10 (2009) 1275–1281dependent generation. The solid lines represent calcula-
tions of the photocurrent according to Jph = qGL, using a
ﬁeld and temperature-dependent generation rate of free
carriers as given by Braun’s model [30,32]. The dissociation
probability P(T,E) is parameterized by the initial separation
distance of the bound electron–hole pair a and the decay
rate kf, which are now the only ﬁt parameters since L is
measured separately and Gmax can be calculated directly
from Jph = qGmaxL in the saturation regime. The ﬁts reveal
a value of a = 2.2 nm, irrespective of molecular weight.
However, the decay rate kf in the low MW cell is at
2.1  106 s1 an order of magnitude higher than kf of the
high MW cell. This value of kf is in very good agreement
with the effective lifetime of free carriers as determined
from Eq. (1), since (0.5 ls)1 = 2  106 s1.
To model the photocurrent over the entire effective
voltage range, we utilized our numerical device model
[33]. Since diffusion of charge carriers is now also taken
into account, the photocurrent can be simulated at low
effective voltage as well. In the simulations, shown in
Fig. 7, the experimentally determined values of the charge
carrier mobilities, layer thickness, dissociation parameters
a and kf, and generation rate of bound pairs Gmax were
used. The calculations excellently ﬁt the measured data
at various light intensities. This clearly shows that the pho-
tocurrent of low molecular weight PF10TBT:PCBM cells is
limited by recombination of short-lived bound electron–
hole pairs. We speculate that the limitation arises from
insufﬁcient phase separation, resulting in localization of
bound pairs in isolated donor–acceptor regions, which pro-
hibits efﬁcient dissociation. Indeed, transmission electron
microscopy (TEM) measurements on blends of varying
molecular weight have revealed little contrast in blends
of low MW PF10TBT with PCBM, whereas pronounced
PCBM and polymer rich regions were observed in high
MW ﬁlms [8].
Fig. 8 presents a direct comparison of the simulated cur-
rent–voltage characteristics under illumination of the cellsof Fig. 1. The model parameters that were used to ﬁt the
current–voltage curves are summarized in Table 1. Com-
pared with the simulation of the curve of the low MW cell,
only three input parameters were changed to ﬁt that of the
high MW cell: the slightly higher, experimentally deter-
mined electron mobility was used, Gmax was increased by
10% and the previously determined lower decay rate
kf = 2.3  105 s1 was used. The increase in Gmax closely
agrees with the small (6%) enhancement in the calculated
absorption for high MW cells as presented in Fig. 3. For
these relatively thin active layers, using a constant genera-
tion rate Gmax throughout the active layer does not change
the simulation results compared to the use of the calcu-
lated optical proﬁle as input [34]. The slightly higher Voc
of the low MW cell originates from the inversely propor-
tional relationship between the polymer band gap and
the average number of repeating units in each chain [35].
At short-circuit conditions, the average dissociation proba-
bility of bound electron–hole pairs in the high MW cell is
19% higher (relative) than in the low MW device, due to
the reduction in kf. Thus, the concomitant effects of en-
hanced absorption (10%) and more efﬁcient dissociation
(19%) add up to the observed increase of short-circuit cur-
rent (30%) and ﬁll factor.
4. Conclusions
Using optical and electronic device modeling, we have
unraveled the molecular weight dependence of the short-
circuit current density and ﬁll factor of PF10TBT:PCBM so-
lar cells. The use of high molecular weight PF10TBT causes
an enhancement of the extinction coefﬁcient of the blend
layer, resulting in a slight increase in the amount of pho-
tons that are absorbed. Charge transport in both phases
was found to be virtually unaffected by a change in molec-
ular weight. The electron mobility in the blend is only
slightly higher for high MW PF10TBT and a reasonably
high, molecular weight independent hole mobility was
measured in blend layers as well as pristine polymer lay-
ers, which renders the inﬂuence of space-charge on the
photocurrent insigniﬁcant. Intensity dependence measure-
ments conﬁrmed that the photocurrent of low molecular
weight cells is recombination limited. From numerical de-
vice simulations, we conclude that a low dissociation prob-
D.J.D. Moet et al. / Organic Electronics 10 (2009) 1275–1281 1281ability of short-lived bound electron–hole pairs is the main
cause of the poor performance. The limitation is most
likely caused by insufﬁcient phase separation, which leads
to localization of charges on isolated parts of the donor and
acceptor phases.
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